Pump induced hemolysis is presently evaluated by measuring plasma free hemoglobin (fHb). However, this method has disadvantages because quantification of fHb depends on hematocrit (HCT) and hemoglobin (Hb) levels. The aim of this work was to devise a hemoglobin independent method, capable of quantifying cell trauma directly by measuring the number of red blood cell (RBC) fragments. Whole blood flow cytometry was used to quantify circulating RBC fragments derived from a roller pump (Sarns, Inc. Model 2 M 6,002) and a centrifugal pump (Gyro C1E3, Kyocera Corp.). The pumps were tested in a mock circuit for 2 hr (5 L/min flow against 100 mm Hg pressure head). Red blood cell fragments were quantified by a phycoerythrin (PE) labeled glycophorin A antibody specific for erythrocytes. Red blood cell fragments were smaller than the intact RBC population and overlapped in size with the platelet population (based on forward-and side-light scattering measurements). For the roller pump, the values for RBC fragments increased from 1,090 ؎ 260/l at 0 min to 14,880 ؎ 5,900/l after 120 min. In contrast, using the centrifugal pump, there was little increase in RBC fragments (from 730 ؎ 270/l at 0 min to 1,400 ؎ 840/l after 120 min). Flow cytometry can be used for the rapid, sensitive, hemoglobin independent evaluation of pump induced RBC trauma. ASAIO Journal 2001; 47:533-536.
Hemolysis is an important performance parameter of blood pumps and is often quantified by measuring plasma free hemoglobin (fHb). The use of plasma fHb to assess the level of pump induced RBC trauma has disadvantages, however. Plasma fHb is dependent on the patient's mean corpuscular hemoglobin (MCH) and hematocrit (HCT). 1 The index of hemolysis is defined as grams of plasma fHb released per 100 liters of blood pumped. 2 The normalized index of hemolysis (NIH) is related to the hematocrit 3 and the modified index of hemolysis is a dimensionless formula that is related to both hematocrit and hemoglobin values. 4 None of these mathematical methods have been generally accepted. One problem is that plasma fHb, at levels up to 130 mg/dl per day, is immediately bound to haptoglobin, forming hemoglobin-haptoglobin complexes in vivo. 5, 6 This haptoglobin bound fHb is not reliably detectable using the indirect peroxidase reaction for plasma fHb in clinical use. Another disadvantage of the plasma fHb measurement is the requirement for centrifugation of the blood samples to separate the plasma. Centrifugation may subject the red blood cells (RBC) to additional ex vivo trauma. 7 The purpose of this study was to develop a method that is independent of hemoglobin concentration, rapid, sensitive, and capable of utilizing whole blood for the assay procedure.
Methods

Artificial Circulatory System
For each experiment, two identical artificial circulatory loops were simultaneously established. Each circuit consisted of either a roller pump (Model 2 M 6,002, Sarns Inc., Ann Arbor, MI) or a centrifugal pump (Gyro C1E3, Kyocera Corp., Kyoto, Japan), an electromagnetic flow probe (Transsonic flow probe #H9XSB1022, Transonic System, Inc., Ithaca, NY), a pressure transducer (Transpac IV, Abbott Critical Care Systems, Chicago, IL) and 3/8-inch tubing (Tygon, Norton Performance Plastic Corp., Akron, Ohio). The priming volume of the test circuits was 150 ml. No blood reservoir was used to minimize blood-surface contact. An adjustable throttle regulated the pressure head at 100 mm Hg and flow rate at 5 L/min.
Blood Collection
Fresh human venous blood was withdrawn from healthy donors, who gave written consent to participate in the study. Blood samples were collected into plastic bags and anticoagulated with 1.0 IU heparin/ml (ACT 250 Ϯ 24 sec).
Plasma fHb and LDH Measurement
Plasma free hemoglobin was determined using a spectrometer (Spectronic 501, Milton Roy, San Diego, CA) and a plasma hemoglobin kit (Sigma Diagnostics, # 527A, Taufkirchen, Germany). The colorimetric method of plasma fHb determination is based upon the catalytic action of free hemoglobin on the oxidation of benzidine by hydrogen peroxide. The resulting change in color is proportional to the fHb concentration of the test sample. Haptoglobin bound hemoglobin cannot oxidize benzidine and, therefore, is not detected by this clinical laboratory assay. 8 Lactate dehydrogenase (LDH) was measured using a standard kit from Sigma Diagnostics (Lactate dehydrogenase assay, #500, Sigma Diagnostics). Lactate dehydrogenase is an en-zyme present in the cytosol of RBC, as well as all other human cells. It catalyzes the reversible reduction of pyruvate to lactate using nicotinamide adenine dinucleotide (NADH). The oxidation of NADH to the oxidized form of nicotinamide adenine dinucleotide is monitored by reflectance spectrophotometry as a measurement of LDH activity.
Priming of the Artificial Circulatory System
Sterile saline initially filled the system to prevent blood-air contact and then circulated for 30 min to test the components. The saline was carefully replaced with blood as previously described, 9 and the pumps started. Blood samples (1 ml) were taken before and after filling the artificial circulatory loop (0 min), and at 5, 15, 30, 60, and 120 min after starting the pump. A total of 5 ml was withdrawn from each circuit during the experiment. To avoid pressure changes within the tubing because of sampling, the blood was replaced by a sterile saline solution. This dilution had no detectable effect on hematocrit.
Analysis of RBC Aliquots (5 l) of heparinized whole blood were incubated for 30 min in the dark, at room temperature, with saturating concentrations of the phycoerythrin (PE) labeled anti-human glycophorin A antibody (2.5 g/ml) (BD Pharmingen, San Diego, CA). Glycophorin A, a component of the MNS antigenic blood group, is specific for the human erythrocyte membrane.
After 30 min of incubation, the mixtures were fixed with 3 ml of 1% formaldehyde in phospate buffered saline and analyzed in a FACScan flow cytometer (BD Bioscience, San Jose, CA). When the light scattering channels (forward and side) were set at logarithmic gain (Figure 1) , intact erythrocytes were distinguishable from platelets and small particulate debris/ electronic noise, on the basis of the characteristic forward and side scatter profiles of the RBC and platelet cell populations.
The forward light scattering was related to cell size and the side scatter was related to cell granularity. The same respective cell profiles for RBC and platelets were observed in the presence or absence of the erythrocyte specific fluorescent antiglycophorin A antibody. The PE-fluorescence of the glycophorin A antibody was used as a marker of erythrocyte events (intact or smaller fragments). A control irrelevant monoclonal antibody, ␥ 1 -PE (␥-PE; 2 g/ml, mouse antikeyhole limpet IgG 1 [BD Science]) was used to determine nonspecific binding of a PE labeled antibody. A threshold was set to distinguish positive fluorescence. Events above the threshold (horizontal line, FigFigure 3 . Red blood cell fragments in the platelet size range were present in roller pumps and centrifugal pumps after 120 min of perfusion. A flow cytometric acquisition gate of platelet size events was set up using the characteristic forward and side scatter profile of the platelet population. Red blood cell fragments in this population were differentiated from platelets based on their positive antiglycophorin A-PE fluorescence. Red blood cell fragments in the control group, after 120 min of perfusion in the centrifugal pump, and roller pump are shown. ure 2) were defined as positive; events below the horizontal line were defined as negative for antibody binding. In a normal control whole blood sample, the intact RBC population is Ն 99.5% glycophorin A positive (Figure 2) . Events smaller in size than intact RBC that overlapped with the platelet population and were PE positive, were defined as RBC fragments. Red blood cell fragments account for Յ1% of all platelet size events in a normal control whole blood sample (Figure 2) . A flow cytometric gate was set for acquiring cell events in the platelet size range that would include both platelets and RBC fragments ( Figure 3A) . Events in the platelet size gate were acquired by flow cytometer for 3 min, and RBC fragments were PE positive (Figure 3, B, C, and D) . Results were expressed as concentration of RBC fragments per microliter of blood because the dilution factor for the samples (5 l into 3 ml fixative) and the injection port flow of the flow cytometer (12 l/min) were known.
A similar flow cytometric technique has been used to detect and quantify RBC fragments in a thrombotic thrombocytopenic purpura (TTP) patient. 10 Intravascular hemolysis with erythrocyte fragmentation is characteristic of TTP.
Statistical Analysis
Data were expressed as means Ϯ SD and analyzed using the analysis of variance (ANOVA) test. Six parallel experiments, performed simultaneously with both the roller and centrifugal pump, were conducted using blood from six different normal donors. A p value Ͻ 0.05 was considered statistically significant.
Results
Figure 3
shows RBC fragments for the control (Fig. 3B) , centrifugal pump (Fig. 3C) , and roller pump (Fig 3D) after a 120 min perfusion. (Figure 5 ), but fHb did not increase significantly in the centrifugal pump group (9.5 Ϯ 1.3 mg/dl to 16.0 Ϯ 5.7 mg/dl). Lactate dehydrogenase values increased from 176 Ϯ 16 U/ml to 440 Ϯ 110 U/ml in the roller pump group after 120 min (p Ͻ 0.05) ( Figure  6 ). There was no significant increase in LDH values for the centrifugal pump group (180 Ϯ 19 U/ml at 0 min and 220 Ϯ 55 U/ml after 120 min). These findings were consistent with the RBC fragment data obtained by flow cytometry. 
Discussion
Red blood cell fragments were found in both roller pump and centrifugal pump systems using a new flow cytometric technique. Significantly greater RBC fragment formation was observed in the roller pump compared with the centrifugal pump systems, in accordance with previous data using conventional measurements of hemolysis. [11] [12] [13] [14] Our flow cytometric method provides a rapid and sensitive way to evaluate pump induced RBC trauma. The results from this study demonstrate that this new method is consistent with commonly used clinical laboratory measurements of hemolysis. In addition to speed and sensitivity, the flow cytometric technique has advantages over evaluation of plasma free hemoglobin and serum LDH because it can detect red blood cell fragments directly in whole blood samples without the requirement for blood separation procedures that may lead to artifactual ex vivo RBC trauma. Furthermore, the flow cytometric technique is independent of hemoglobin concentration.
